INTRODUCTION
The past few decades have witnessed formidable advances in the characterization of hepatotropic viruses of humans, with the discovery of five major hepatitis viruses (A to E) and the development of sensitive detection methods for each. However, a relatively small proportion of acute and chronic hepatitis cases still remain that cannot be ascribed to these viruses or to viruses (certain enteroviruses, adenoviruses, parvovirus B19, etc.) suspected of occasionally causing liver damage in the absence of overt multisystem clinical manifestations. While attempting to shed light on these forms, Nishizawa et al. in 1997 (113) first identified TT virus (TTV) in Japanese patients who exhibited elevated alanine aminotransferase (ALT) levels following transfusions. The patients were negative for the A to E hepatitis viruses as well as for the GB virus C (also called hepatitis G virus due to never fully corroborated early claims that it might cause a form of non-A, non-E hepatitis). When investigated by the representational difference analysis approach developed by Lisitsyn et al. (84) , which had already permitted the identification of GB virus C and herpesvirus 8, the sera of three such patients were found to contain a DNA sequence that lacked similarity to any sequence deposited in data banks. The presence of this new sequence, which was rapidly recognized as belonging to a novel viral agent, appeared to correlate with the development of hepatitis (113) .
TTV owes its name to the initials of the patient in whom it was first identified. As noted by Nishizawa et al. (113) , this acronym might also stand for transfusion-transmitted virus. However, this name would emphasize only one, and certainly not the most frequent, mode of this virus transmission (see below). In the few years elapsed since its discovery, TTV has been intensively studied to assess its molecular properties and whether it causes liver disease. This has led to recognition that the viremia is an extremely frequent occurrence in apparently healthy individuals worldwide, a feature so unusual among viruses that it has even been proposed that TTV might be a commensal virus. To the best of our knowledge, this concept had never been put forward in virology, although it is common wisdom for many other microorganisms (46; P. Simmonds Knowledge on TTV is growing fast, but many fundamental aspects remain to be elucidated. This review should therefore be regarded as a stimulus to confront the many intellectual and technical challenges that the unprecedented features of this novel virus pose to the investigator more than as a state-of-the art appraisal that in any case will soon be outdated.
THE VIRUS AND ITS GENOME
TTV has been transmitted to chimpanzees and rhesus monkeys by intravenous inoculation of virus-positive human sera or fecal extracts (87, 106, 117) , but there are no published attempts of experimental transmission to smaller animals. In addition, there is only one report dealing with growth in tissue culture (93) . Thus, at present we do not know whether TTV will prove as difficult to propagate in the laboratory as many hepatitis-inducing viruses are. As noted by Nishizawa et al. (113) , the chloroform-resistant, parvovirus-like agent identified by Bradley et al. (13) in chimpanzees inoculated with material derived from non-A, non-B hepatitis patient(s) prior to HCV characterization might have been TTV, and the same might be true for many viral particles of compatible size seen by electron microscopy in samples from primates inoculated with human materials by other investigators (148, 155, 188) . However, to date TTV has not been visualized with certainty by electron microscopy.
The limited information currently available about the physical-chemical properties of TTV derives from studying plasma and, less commonly, fecal extracts from infected individuals. As determined by PCR analysis of infected serum passed through polycarbonate filters of decreasing pore sizes, the viral particle has a diameter of between 30 and 50 nm (106) . The isopycnic density was found to be 1.31 to 1.35 g/ml in cesium chloride and 1.26 g/ml in sucrose gradients (106, 119) . Because it remained unchanged following Tween 80 treatment, TTV has been deduced not to possess an external lipid envelope (119), a conclusion borne out also by the observation that TTV DNA is detectable in the bile of infected patients (173) . As inferred from the prevalence rates of infection in hemophiliacs treated with different preparations of clotting-factor concentrates, virucidal treatments known to inactivate enveloped viruses, such as solvent-detergent and dry heat at 65°C for 96 h, appear to be poorly effective at destroying TTV infectivity. In contrast, immunoaffinity purification and more drastic heat treatments of clotting factors appear to be effective (17, 151, 160, 187) . In the absence of more direct data, this information, together with what is known about virion structure, suggests that TTV may be at least as stable as parvoviruses (9) .
The component of TTV currently best understood is its genome ( Fig. 1 and 2 ). Early characterization showed that nucleic acids extracted from TTV were sensitive to DNase I and mung bean nuclease but resistant to RNase A and selected restriction enzymes, indicating that the viral genome is made up of single-stranded DNA (119) . Initially, over 90% complete sequencing of the prototype Japanese isolate TA278 led to a proposal that the genome was linear (119) . Subsequently, however, when sequencing of the viral genome was further extended, it was recognized that the two extremities were connected by a GC-rich stretch of about 100 nucleotides (nt), which in earlier studies had proven hard to amplify and sequence, to form a covalently closed circular molecule (Fig. 1 ). Hybridization and nuclease protection assays also showed that the virions encapsidate the minus strand (106) .
Currently, viruses of vertebrates with small single-stranded DNA genomes and no external lipoprotein envelopes are classified into either the Parvoviridae (9) or the Circoviridae (86) family. As is understandable for a virus of such recent recognition, the taxonomy of TTV is uncertain. Initially, it was noted that TTV had similarities to the parvoviruses (119), but more recently, our improved grasp of its molecular and biophysical structure discussed in detail by Hijikata et al. (53) has led us to emphasize its resemblance to circoviruses. These viruses are characterized by unsegmented circular genomes, isometric capsids that appear to be composed of a single structural protein (VP1) and may present well-defined peripheral protrusions (169) , and lack of lipids and carbohydrates. Known animal circoviruses include the beak and feather disease virus of parrots and the porcine circovirus, both of which have a diameter of 15 to 20 nm and a genome of about 2 kb, and the chicken anemia virus (CAV), which stands a little apart because of its slightly larger capsid (23 to 25 nm) and genome (2.3 kb) and other distinguishing features (6, 111) . Plant-infecting viruses that used to be classified together with animal circoviruses have recently been moved to a separate genus (Nanovirus). Animal circoviruses, which have very limited sequence homology among themselves and to TTV and no common antigenic determinants, circulate abundantly in their respective host species via a poorly understood means of transmission (31, 32) . The genome of CAV, which resembles TTV more closely than the other members of the family, contains three major partially overlapping open reading frames (ORFs), named VP1, VP2, and VP3, which have the coding capacity for 52-, 24-, and 13-kDa proteins, respectively, and other smaller ORFs (63, 70) . VP1 and VP2 have been reported to contain protective epitopes (77) . Figure 3 shows the phylogenetic relationships of TTV to known animal circoviruses. It should be mentioned, however, that because the virion and genome sizes and other properties of TTV do not conform to those of known circoviruses, Mushahwar et al. (106) have suggested that TTV might represent the founding member of a new family of viruses, for which they tentatively propose the name Circinoviri-FIG. 1. Strategy used for TTV discovery and characterization. Representational difference analysis was performed on paired sera from patient TT with posttransfusion non-A to -G hepatitis (113) . By cloning and sequencing over 97% of the entire genome and testing its sensitivity to various nucleases (i.e., DNase I, RNase I, mung bean nuclease, and restriction endonuclease NdeI), the TTV genome was deemed to be single-stranded and linear DNA, similar to that of parvoviruses (119) . By extending the genome toward its 5Ј and 3Ј ends, the genome was found to be circular, thus resembling that of circoviruses (101, 106) .
VOL. 14, 2001 CHARACTERIZATION OF TT VIRUS 99 dae. Table 1 contrasts the characteristics of TTV with those of CAV and the human parvovirus B19. Most recently, Takahashi et al. (158) reported the existence of another new virus (designated TTV-like minivirus) with intermediate genomic properties between TTV and CAV and proposed that the three viruses be classified together into a new family, for which they coined the name Paracircoviridae. The relationships of SEN virus, another DNA virus recently detected in human blood (140) , to these viruses are currently unknown since the sequences of the SEN virus have not been released.
Genome Organization and Predicted Products
At the end of 1999, gene depositories contained the entire nucleotide sequences of 10 TTV isolates, which varied in length between 3,808 nt (SANBAN isolate) and 3,853 nt (isolates TA278 and JA20). Judging from the presence of wellconserved ORFs among the sequenced isolates, the genome of TTV is divided into a potentially coding region of ϳ2.6 kb and an untranslated region (UTR) of ϳ1.2 kb (Fig. 2) . The former consists of two major potential protein-coding genes (ORF1 and ORF2) which are present in the plus strand complementary to the genomic DNA, are in different reading frames, and partially overlap. In the prototype TA278 sequence, ORF1 spans nt 589 to 2898 and ORF2 spans nt 107 to 712, which correspond to a coding capacity of 770 and 150 amino acids (aa), respectively. However, the lengths of the two ORFs may vary somewhat in individual isolates. Analysis of the sequences of 11 isolates (29) revealed the presence of an additional small ORF (designated ORF3) with coding capacity for 57 aa, located immediately downstream of ORF1 (nt 2904 to 3074 in the TA278 isolate) and well conserved in most isolates (70 to 100% identity). Other putative ORFs have been recognized in some isolates, but they might be nonfunctional, as suggested by their absence in most other isolates and additional molecular considerations (29, 101) .
If the genomic organization of TTV is indeed analogous to that of CAV, ORF1 might encode the equivalent of the VP1 protein of CAV. The predicted translation product has a large proportion (approximately 40%) of arginine residues in the amino-terminal first 100 aa (119), thus resembling the N terminus of the capsid protein of CAV. Of note, similar hydrophobic domains are found in the core proteins of other viruses as well and are believed to mediate genome binding to the capsid and transportation to the cell nucleus (37, 149, 179, 185) . The ORF1 product also contains a few potential asparagine-linked glycosylation sites that vary both in number and in location in individual isolates (53, 159) . As noted by Hijikata et al. (53) , such differences in glycosylation pattern might affect several biological properties of the resulting protein, including antigenic specificity. However, until the encoded products are characterized directly, it will be difficult to determine with certainty whether glycosylation actually occurs and what its functions are, if any. Also of interest is the observation that the ORF1 products of both TTV and CAV contain short amino (113) , which has been extensively used for molecular epidemiology surveys and genotyping. The potential stem-loop structures indicated in UTR are conserved among TTV isolates (53) . The GC-rich tract also contains several potential stem-loop structures, which, however, vary considerably in shape among different isolates.
acid motifs characteristic for the replication-associated proteins (Rep) that are common denominators of DNAs replicating by the rolling-circle mechanism (47, 78, 98) . The other circoviruses also possess such motifs (94, 98) .
ORF2 is believed to code for a nonstructural protein involved in viral replication. Due to the presence of two potential in-frame start codons and the length diversity among different isolates, the precise size of the protein encoded has been a matter of some uncertainty (119) , but it is now generally accepted that translation starts at the second initiation triplet (Fig. 2) , which would lead to a protein product of around 150 aa and whose size varies slightly in different isolates (53, 106, 120) . Interestingly, as noted by Hijikata et al. (53) , in spite of high heterogeneity among TTV isolates (see below), the segment encompassed between aa 46 and 66 of the ORF2 protein contains five positions conserved among all the isolates examined and also in CAV, thus further corroborating the relatedness of these two viruses.
The noncoding UTR of TTV genome contains the already mentioned GϩC-rich (ϳ90%) segment as well as various regulatory sequences (Fig. 2) . This segment also possesses multiple inverted repeats and hence has the potential to form several stem-loop structures (120) . Another candidate stem-loop has been identified in the UTR just downstream of the polyadenylation site (Fig. 2) . This was found to be conserved in all the sequences (including in the highly divergent SANBAN isolate) aligned by Hijikata et al. (53) with the exception of only one isolate (KC002-3Ј). The latter, however, presented "covariant mutations" that could maintain the base pairing necessary to form the stem-loop (53) . Similar secondary structures are found in CAV and other circoviruses, albeit located in other regions (6) . These structures might play a pivotal role FIG. 3 . Phylogenetic relationships of TTV with the animal circoviruses CAV, porcine circovirus (PCV), and psittacine beak and feather disease virus (BFDV). The phylogenetic tree was constructed by comparing the entire deduced products of the ORFs that contain Rep protein motifs, namely, ORF1 (TTV), VP1 (CAV), ORF1 (PCV), V1 (BFDV), and VP1 (parvovirus B19), using the last as outgroup. TTV isolates are grouped based on N22 segment analysis (106, 120) . The Fitch-Margoliash algorithm was used by randomizing the input order of sequences. Genetic distances were calculated by using the Poisson correction distance (PoissonP) as provided by DAMBE software (version 3.7.48) (182) . Bootstrap values above 70 out of 100 are shown at the main branch points. The tree was drawn by using the Treeview program (version 1.5.2) (129) . The bar indicates the number of amino acid substitutions per site. All sequences are available in the GenBank database and are indicated by their accession number or, whenever possible, isolate name.
in viral replication (120) , but since they vary significantly in shape among different TTV isolates, their function in guiding viral replication awaits further verification (53, 101, 106, 120) . Another similarity between the UTRs of TTV and CAV is the presence of a 36-nt stretch which has over 80% identity (101) .
Replication
The mechanisms of TTV replication are currently unknown. A precise understanding of the replication strategies of related circoviruses might be helpful, but even these have not been studied in great detail. What is known about the replication strategies of animal circoviruses can be readily summarized. These viruses can be propagated in lymphoid cell lines and other cell types, where they replicate in the nucleus and appear to be dependent on cellular proteins expressed during the S phase of the cell cycle (31, 32) . Transcription analysis of CAV has led to the identification of a single RNA transcript of 2.0 kb which might function as a polycistronic mRNA (131) . In contrast, for the porcine circovirus, it has been demonstrated that two mRNAs are encoded by the minus strand and one mRNA, corresponding to the spliced transcript of ORF1, is encoded by the plus strand (95) . This indicates that the transcriptional strategies of different circoviruses can vary considerably. The mechanism of DNA replication is not known with certainty, but there are molecular indications that circoviruses use a rolling-circle mechanism (94, 98) , while the absence of motifs typical of known DNA polymerases in the encoded products suggests that the genome is replicated by a cellular enzyme. The latter circumstance is also suggested by the considerable degree of genetic conservation of circoviruses among isolates obtained worldwide (Fig. 3) . Virus particles are assembled in the cytoplasm, where they can contribute to form clearly evident inclusions, and are presumably released by cell lysis. Interestingly, the VP3 protein of CAV (also known as apoptin) induces a p53-independent type of apoptosis that, being accelerated by the proto-oncogene Bcl-2 and being especially active in transformed cells, has been proposed as a potential antitumor agent (24, 25) .
Regarding TTV, the existence of a conserved Rep protein motif in the genome might suggest that this virus also replicates via a rolling-circle mechanism in spite of the absence of the nonanucleotide that is conserved in many viruses that replicate in this manner (29) . As discussed by Gilbert and Dressler (43) , this mechanism is particularly well suited for replicating single-stranded DNAs. It should be noted, however, that the great genetic diversity of TTV (see below) has also led investigators to hypothesize that the viral DNA is replicated by a machinery with poor or no proofreading activity. That TTV might replicate through an RNA intermediate like the hepatitis B virus seems unlikely because no reverse transcriptase motif has been identified in its genome (114) .
Genetic Heterogeneity
In contrast to most DNA viruses, TTV isolates exhibit a high level of genetic heterogeneity (Fig. 3) . Comparison of the sequences available has revealed that the divergence is unevenly distributed throughout the genome. The UTR is comparatively well conserved (73% nucleotide identity between the two highly divergent isolates TA278 and SANBAN versus 57% for the entire genome) and contains several segments with greater than 90% identity, indicating that much variation is not tolerated in these regions (29, 53) . In contrast, the translated portion presents an extraordinarily high degree of diversity. For example, the ORF1 of isolate SANBAN codifies for a 25-aashorter protein with only 32% amino acid identity relative to the prototype, TA278. The divergence is especially high in the central tract of ORF1, at least for subtype 1a (see below), where three hypervariable regions (HVRs) (HVR1, HVR2, and HVR3, of 22, 47, and 31 aa, respectively [ Fig. 2] ) have been defined that may contain multiple codon insertions or deletions and diverge up to 70% at the amino acid level (29, 53, 114, 159) . Variability is lower in the arginine-rich amino-terminal portion and a few other short stretches, which might be indicative of constraints dictated by protein form and function. More extensive investigations of the genetic diversity and phylogenetic relationships of TTV isolates have been carried out by sequencing amplicons obtained from the N22 segment (Fig. 1) . A segment of approximately 220 nt in this region has been suggested as suitable for genotyping (119) (120) (121) , although others have found that fragments longer than 500 nt appear to be the most useful for this purpose (29) . Nomenclature and criteria used for grouping TTV isolates parallel those used for HCV classification, but, because of their higher heterogeneity, genotypes (designated by Arabic numbers) are separated by sequence differences of Ͼ30% or evolutionary distances (number of nucleotide substitutions per site) of Ͼ0.30 within the N22 segment, while subtypes (identified by lowercase letters) are separated by evolutionary distances of Ͼ0.15 (119, 120) . With the growing numbers of isolates characterized, appreciation of the genetic diversity of TTV has rapidly increased. So far, phylogenetic trees constructed on the N22 region have led investigators to subdivide TTV into up to 16 genotypes (120, 123) and several subtypes or to refrain from designating new types (56) .
It is likely that the full extent of TTV diversity has yet to emerge for the following reasons: (i) the PCR protocols used in most studies published are suboptimal at demonstrating the entire variety of circulating TTV strains, and presumably with the improvement of methods the range of genetic divergence will become wider; and (ii) very recently, nonhuman primates were shown to harbor TTV strains indistinguishable from those of humans, as well as at least four TTV genotypes distinct from those detected in humans so far (2, 117, 143) .
Related viruses such as CAV, porcine circovirus, and human parvovirus B19 are much less variable than TTV (30, 51, 106) . Thus, the reasons for the vast genetic diversity of TTV are puzzling. According to Hijikata et al. (53) , the only possible explanation is that TTV has existed for eons and drifted with time. However, other factors may have facilitated the expansion of TTV genetic diversity: (i) several domestic animal species harbor TTV or TTV-like viruses, most of which could not be distinguished from human TTV isolates in the genomic regions analyzed (79, 176) , making cross-species transmission a likely possibility: the need to adapt to new hosts would represent an important drive to genetic change; (ii) as also discussed below, mixed infections by multiple genotypes are frequent (5, 10, 106, 143, 161, 165, 180) , and hence, genetic recombination of human TTV between themselves and with related viruses of animals might also be an important multiplier of genetic diversity, as occurs in other viruses with circular single-stranded DNA genomes (42, 128) : indeed, very recent analysis of a collection of full-length genomes showed that nearly half were of mosaic viruses (181); and (iii) the great ability of TTV to produce chronic productive infections characterized by conspicuous plasma viremia lasting many years (see below) may offer the host immune system the opportunity to exert a continuous pressure for virus evolution. As noted by Prescott et al. (138) , other poorly pathogenic DNA viruses which produce long-lasting infections and have presumably coexisted with primates for millions of years (e.g., the papillomaviruses) also exhibit a vast diversity of genetic variants.
Information about the rate of TTV change in infected hosts is limited and confounded by the fact that patients frequently carry multiple viral strains. In a recent retrospective study of sequential serum samples, Nishizawa et al. (114) compared cloned PCR-amplified ORF1 sequences obtained from two patients over periods of 3 and 8 years and found that at the start of the study TTV circulated as a quasispecies of related sequences markedly divergent within the HVRs and that the quasispecies composition changed appreciably with time of infection, due to continued variation in such regions. In contrast, analysis of three subjects with acute, resolving TTV infections revealed a striking homogeneity of the HVR sequences. These findings were interpreted as suggesting that TTV HVRs are under strong pressure for change during persistence, presumably to escape immune surveillance, and might thus be functionally similar to the HVRs found in the envelopes of human immunodeficiency virus type 1 (HIV)-1 and hepatitis C virus (HCV). Another published report on intrahost TTV evolution is in disagreement with these findings. Ball et al. (5) studied the variability of TTV in three chronically infected individuals over periods up to 6 years. The extent of TTV genetic variation over the period examined was found to be quite modest, except in an individual who carried at least seven distinct TTV strains belonging to four different genotypes. Evidence for intrapatient TTV evolution over the time of persistence has also been detected by Irving et al. (59) 
METHODS FOR DEMONSTRATING TTV INFECTION
The laboratory diagnosis of TTV infection is still rather primitive for many reasons: (i) no tissue culture system of sufficient sensitivity has been described that might be used for TTV isolation; (ii) the immune responses elicited by the virus are poorly understood, and, in particular, there are no easyto-use serological methods, nor it is known whether antiviral antibodies may be of practical utility in the clinical virology laboratory; (iii) although viremia can be quite substantial, no methods have been reported that detect viral antigen in plasma; (iv) none of the many PCR formats assays used for demonstrating viral DNA have been validated for their ability to detect the entire spectrum of TTV variants; and (v) uncertainties about the clinical relevance of TTV infection have discouraged commercial companies from developing and marketing adequate reagents and diagnostic kits. While many of these aspects will be addressed below, here we discuss the molecular assays that have been used for TTV detection and characterization. Understanding their performances is crucial for a cor-rect evaluation of many issues examined in the following sections.
Due to the great genetic variability of TTV, the choice of the viral DNA segment targeted for amplification has an enormous impact on PCR assay sensitivity (27, 62, 79, 157) , possibly more so than for most viruses. For historical reasons, the N22 tract of ORF1 has been extensively targeted in nested or heminested PCR protocols. The primers designed on this region have been considerably improved over time, but nonetheless, they still may fail to amplify TTV isolates other than types 1 to 6, especially if the virus content in test samples is low (62, 73, 113, 119, 120; Simmonds et al., Letter). This limit has been solved only partly by using multiple sets of primers (26, 27, 29) . Due to its higher conservation, the UTR of the TTV genome is much more suitable for primer design (Table 2) . Indeed, generally UTR PCR has proven satisfactory at detecting most if not all the 16 TTV genotypes currently recognized (62, 79, 80; Simmonds et al., Letter) and, compared to ORF1 PCR, has greatly increased the rates of plasma or serum samples that gave a positive reaction to TTV DNA: from 23 to 92% in studies by Takahashi et al. (157) , from 9 to 50% in studies by Irving et al. (59) , and from 20 to 95% in studies by Itoh et al. (62) . It has however been pointed out that even UTR-PCR assays can be biased toward the detection of type 1 isolates, unless the primers are carefully designed (29, 79, 123 ; A. S. Muerhoff, T. P. Leary, S. M. Desai, and I. K. Mushahwar, Letter, J. Infect. Dis. 180:1750, 1999) . The lower limits of detection of the qualitative PCR assays discussed so far have generally been reported to be on the order of 10 2 to 10 3 genomes per ml of plasma, but such values should be regarded as valid only for the specific TTV genotype used for assay evaluation (5, 123, 173) . As discussed at length below, it is likely that attempts to correlate TTV to specific diseases will depend on precise genetic characterization and quantification of the virus found in the patients under scrutiny. The TTV genotyping methods used to date include sequencing approximately 220 nt of the N22 segment of ORF1 gene, which reportedly permitted a (58, 72, 103, 134) . However, because molecular methods for measuring viral loads can perform very differently depending on the (sub)type of the virus being tested (82, 100), quantitative PCR methods will have to be designed and evaluated with even greater care than qualitative methods. In general, viral loads determined using UTR-based assays have provided viremia titers 10-to 100-fold higher than those found in ORF1-based assays (123, 157) , and this might reflect the higher sensitivity of the former assays as well as the presence in the test samples of TTV (sub)types poorly amplified by the latter assays (123) . In a recent study, Kato et al. (72) reported mean values of 3.45 Ϯ 0.67 log copies per ml in Japanese blood donors and similar values in HCV-infected patients. The concomitant presence of multiple TTV (sub)-types, a frequent occurrence in certain groups of patients (5, 106, 161) , is yet another compounding factor which can significantly affect the reliability of quantitative (and genotyping) assays.
An additional issue that warrants investigation is the importance of examining clinical specimens other than blood in the diagnosis of TTV infection. TTV DNA has been detected in feces, saliva, nose swabs, throat swabs, and breast milk of viremic subjects and sometimes also in persons with no detectable viremia ( 
EPIDEMIOLOGY
Presently, the only well-documented aspect of TTV epidemiology is the extremely high diffusion of active infection throughout the world. In spite of their relatively low sensitivity, early PCR assays detected TTV in the plasma of approximately one-third of the general population, although with considerable variations in different countries and in different investigations within the same country. In particular, prevalence rates tended to be moderate in the United States and northern Europe, intermediate in Asia, and high in Africa and South America (Table 2) . Similarly, Matsumoto et al. (96) found that the prevalence rates for TTV were higher among Asians and African Americans than among Caucasians in a survey of sera from the area of Greater Washington and Chesapeake. Geographically segregated populations having limited contact with the rest of the world also exhibited high viremia rates (85, 139, 164) . Early studies also demonstrated that infection was very frequent in the early months of life (26, As suspected in several such studies, more recent epidemiological surveys employing PCR assays of improved sensitivity, based on either the UTR or the most highly conserved tracts of the coding portion of the viral genome, have shown that the prevalence rates found in early studies were a gross underestimate of TTV diffusion. In most countries surveyed, virus carriers are now known to range around 80%, with peaks in countries such as Japan, Myanmar, Saudi Arabia, and Singapore, where almost everyone was viremia positive (Table 2) . These studies also suggest that geographical and age-related gradients of prevalence are much less pronounced than previously estimated (62, 123, 157) . Although it is assumed that TTV must be highly contagious, the modes of spread are poorly understood. Most screenings have found the highest detection rates amongst polytransfused, thalassemic, long-term hemodialysis patients, hemophiliacs treated with the nonvirally inactivated clotting-factor concentrates used prior to the HIV epidemics, and intravenous drug abusers; a positive correlation often existed between the quantity of blood or blood factors received and the TTV prevalence rate (12, 17, 38, 67, 76, 96, 115, 137, 160, 175) , clearly indicating that TTV can behave as a transmissible blood-borne virus. Additional observations corroborating this conclusion were as follows: (i) TTV DNA was detected in commercial human plasma, clotting-factor concentrates, and intramuscular immunoglobulin (Ig) preparations (133, On the other hand, from the very beginning it was also patent that TTV viremia rates in the general population were much too high to be explained solely in terms of apparent or inapparent blood-borne transmission. Feces of viremic individuals contain TTV (88, 116, 143, 144, 173) , which is infectious in tissue culture (93) and nonhuman primates (87) , suggesting the oral-fecal route as the most common mode of transmission. Undoubtedly, considering the high prevalence of virus carriers and the putative high resistance of TTV infectivity to physicochemical agents, even if TTV were shed in the stools only intermittently and/or at low titers, as existing data seem to indicate (116, 144) , the extent of TTV contamination in the human environment is likely to be remarkably high. At present, however, there is no other evidence that the main means of TTV spread is enteric, except for a recent report showing that Brazilian women having anti-hepatitis A antibodies were TTV infected more frequently than those lacking such antibodies (145) . Attempts should be made to monitor the levels of TTV contamination in drinking water and in food under different sanitation conditions and to evaluate whether TTV might be useful as a marker of contamination with viruses of fecal origin, similar to the use of Escherichia coli as a marker for enteric bacteria.
Mother-to-fetus transmission should be considered for a ubiquitous virus which is acquired early in life. Initial studies failed to detect TTV DNA in cord blood samples and in neonates born to infected mothers (55, 125, 186) , favoring the idea on February 23, 2013 by PENN STATE UNIV http://cmr.asm.org/ that child infection was due to early postnatal exposure (26; Yokozaki et al., Letter). However, failure to find TTV in neonatal samples in these studies may have been due to pitfalls in the detection tests used, since it has subsequently been reported repeatedly that prepartum transmission of TTV not only occurs but may actually be very common (103, 145, 153) . Viral sequences similar to those found in the corresponding maternal blood were detected in a number of newborns (26) , and in a recent study, TTV DNA was detected in over half the cord blood samples examined (103) . Furthermore, some cord blood samples had a TTV DNA content at least as high as that in the respective mother's blood, leaning in favor of transplacental transmission well before delivery (103) .
Alternative modes of TTV spread have been only sparsely investigated. McDonald et al. (89) and Poovorawan et al. (135) reported that, in contrast to hepatitis B and C, the frequency of TTV infection in individuals at high risk for sexually transmitted diseases was not particularly high. Together with other findings (26, 55, 105) , this suggests that sexual transmission plays an unimportant role, if any. Attempts to obtain evidence for household contact transmission have been inconclusive (68, 69, 153) , although the detection of TTV in saliva, nasopharyngeal secretions (39, 60, 144) , and skin and hair (127) might imply that it is also possible. Evidence suggestive of non-transfusion-associated nosocomial TTV infections has also been reported (96) . Whether the TTV or TTV-like viruses recently reported to be widespread in large percentages (19 to 30%) of chickens, pigs, cows, and sheep (79) contribute to TTV epidemiology in humans is also unclear. More detailed analysis of these viruses will be needed to establish whether they might add to the enormous reservoir of TTV genomes existing in nature and contribute to human TTV evolution and diversification.
Several studies have also investigated the geographical distributions of TTV genotypes. Types 1 and 2 are very common worldwide, even if their prevalence rates vary substantially in different areas, whereas other types seem to be less frequent or restricted to specific geographical regions (Table 2) . It is uncertain whether these data reflect real differences in genotype distribution or are instead biased by preferential amplification of selected genotypes by the PCR assays used. Whether the (sub)type frequency varies with the age of infected subjects and/or with the route of transmission, similarly to what was observed for HCV (reviewed in reference 7), also remains to be determined. Recently, Japanese hemophiliacs were found to harbor type 2 much more frequently than nonhemophiliacs were, suggesting the predominance of this type in the imported clotting factors they use (121, 187) .
In conclusion, more extensive investigations with more standardized diagnostic tools are needed to obtain a coherent understanding of TTV epidemiology. It seems, however, that TTV spreads both vertically and horizontally. This factor and its outstanding ability to persist (see below) presumably represent the attributes that have permitted the extraordinary penetration of active TTV infection into human communities worldwide. It is noteworthy that the other human viruses that produce chronic infection with comparable prevalence rates (Epstein-Barr virus, cytomegalovirus, papillomaviruses, etc.) are mostly cell associated and circulate freely in plasma only briefly, if ever.
INTERACTIONS WITH INFECTED HOSTS
Evidence about the natural history of TTV infection is just beginning to accumulate. A well-recognized feature is that infection is usually chronic and characterized by the continued presence of abundant virus in the bloodstream. Longitudinal investigations by Lefrère et al. (81), Oguchi et al. (115) , and other groups have clearly shown that TTV carriage tends to last many years; a patient was identified who had carried the virus for at least 22 years (96), thus suggesting lifelong persistence as a clear possibility. In addition, sequential blood samples obtained over prolonged periods were found to contain viral sequences ascribable to the TTV strain present at first sampling, although cases in which the initial strain appeared to be replaced by a different one were also observed (59) . This is clear evidence that long-term TTV viremia usually results from genuine virus persistence and not from repeated reexposure to the virus.
Whether self-limited infections also exist is less well defined. Descriptions of viremias that seemingly spontaneously resolved after periods of a few weeks to several years are common in the literature (76, 81, 96, 115, 137, 160, 190) , and experimentally infected chimpanzees also appeared to clear the virus after months of virus carriage (106) . However, the possibility cannot be excluded that such findings reflect reduced viremia, resulting from decreased virus shedding into blood, increased virus clearance, or even viral DNA sequence modifications that render the virus undetectable by the detection tests used, rather than complete virus eradication. The possibility that TTV can become temporarily or permanently latent should also be considered (190) . As pointed out by Okamoto et al. (118) , it also remains to be determined whether TTV can behave as an episome or integrate into the host cell DNA, like other single-stranded DNA viruses (83) . The only studies in this direction were carried out with patients with hepatocellular carcinomas and hematopoietic malignancies and provided no evidence that TTV was integrated (166, 184) .
The sites and cell types where TTV undergoes primary amplification following entry into the body, as well as the definitive target tissues and organs from which fresh virus is continuously shed into the circulation, are unknown. Since related single-stranded DNA viruses require actively multiplying cells for productive replication, it seems likely that most, if not all, TTV is produced by cycling cells. So far, TTV DNA has been consistently detected in liver tissue and bile specimens at concentrations that frequently were 10 to 100 times higher than those in the corresponding plasma samples and in fecal extracts at lower concentrations (108, 116, 144, 173) . Furthermore, in the study by Ukita et al. (173) , complete concordance was observed between the TTV DNA sequences present in paired serum and bile samples and, in one patient whose stools were also virus positive, in fecal samples. Collectively, these findings strongly support the concept that the liver is a major site of TTV replication. This concept is supported by a recent report demonstrating circular double-stranded replicative forms of TTV DNA in the liver (124) and by hybridization findings showing TTV DNA within hepatocytes (19, 142) .
Peripheral blood mononuclear cells (PBMC) but not red blood cells freshly harvested from infected individuals also harbor TTV DNA (93, 118, 125, 136) , suggesting that the virus might replicate in lymphoid cells as well as in hepatocytes. Interestingly, the genotypes of plasma-and PBMC-associated virus sometimes differed in one study (118) , suggesting a compartmentalization of TTV infection similar to what was observed for HIV-1 and HCV (91) . However, whether the PBMC-associated virus resulted from active replication within these cells, from adsorbed and/or endocytized but nonreplicating virus, or from residual contaminating plasma was not established with certainty. Recently, Maggi et al. (93) found that the contents of TTV DNA in freshly harvested PBMC and purified B and T lymphocytes, monocytes, and polymorphonuclear leukocytes were uniformly low and tentatively ascribed the finding to the resting state of such cells. Indeed, cultures of phytohemagglutinin-stimulated TTV-negative PBMC could be productively infected and released substantial amounts of infectious TTV into the supernatant. That proliferating hematopoietic cells may indeed represent an important source of circulating TTV is suggested by the finding that baseline TTV viremia decreased to undetectable levels in patients given myelosuppressive treatments (cyclophosphamide and total body irradiation) for bone marrow transplantation (68) and other evidence (75, 122) . Future studies on the permissiveness for TTV of different cell types in vivo and in vitro would greatly benefit from the development of suitable animal models of infection and of sensitive and reliable techniques for demonstrating positive-sense DNA and other intermediates of TTV replication.
Wherever it replicates, TTV is shed into the bloodstream in relatively large quantities. Following transfusion of uninfected patients with contaminated blood, TTV became detectable in plasma in one to few weeks (76, 96) . Studies have indicated that the TTV content in plasma is low compared to the content of other viruses that produce protracted plasma viremias, such as HIV-1 and HCV (5, 26, 59, 119) ; however more recent analyses by Pistello et al. (134) , using a sensitive real-time PCR assay, demonstrated that plasma viremia loads vary widely, ranging between 10 3 and over 10 8 genomes per ml in different persons. Studies have also shown that in some individuals viremia levels fluctuated extensively while in others they remained essentially stable (5, 96) . A clear understanding of the dynamics of plasma viremia will, however, need more detailed longitudinal studies of acutely and chronically infected individuals.
Elucidating the mechanisms by which TTV persists so efficiently in infected hosts represents an interesting challenge. As in most other persistent infections (3), a combination of virus and host factors is likely to be involved. For example, as observed for HBV and other viruses, the fact that children are exposed to TTV early in prenatal or postnatal life might greatly facilitate the establishment of persistence. Also, given the likely requirements of TTV replication discussed above, it is feasible that maintenance of persistence is made easy by the fact that only a fraction of potentially susceptible cells are fully permissive at any given time, as often seen in carrier culture models of persistence (97) . It may also be that anti-TTV immune responses are not particularly vigorous or that the immune effectors produced are poorly efficient at controlling TTV infection.
While nothing is known about anti-TTV cell-mediated immune responses, what is currently known about humoral responses does not speak in favor of a powerful antiviral activity of anti-TTV antibody. Studies of anti-TTV immunity have been hampered by the lack of suitable viral antigens. The only published attempt to develop recombinant TTV antigens, a technology that has been extremely fruitful for many viruses, has yielded negative results. Recombinant 15-kDa proteins from the N22 segment of two TTV isolates proved completely unreactive in Western blotting against human sera, regardless of whether they were TTV DNA positive or negative (85) . Tsuda et al. (171) used whole TTV from fecal extracts as the antigen and PCR to demonstrate anti-Ig-facilitated immunoprecipitation. Of 44 blood donors tested (38 TTV DNA negative and 6 positive), 12 were anti-TTV antibody positive, only 1 of whom was also viremia positive. These investigators also examined sequential serum samples from two patients with putative TTV-related posttransfusion hepatitis and observed the appearance of TTV-IgG immune complexes in the circulation followed by loss of detectable TTV from plasma. In one patient who could be monitored for long enough, anti-TTV antibodies persisted for at least 4 years. In partial agreement with the above findings, Nishizawa et al. (114) found that in chronically infected patients, but not in recently infected ones, a large proportion of circulating TTV was complexed with IgG, and Pisani et al. (133) found that commercial human Ig contained detectable TTV DNA if it had been prepared for intramuscular use but not if it had been freed of complementactivating aggregates for intravenous usage. Freer et al. (G. Freer, P. Rovero, and F. Maggi, unpublished data) found low levels of anti-TTV reactivity in sera from PCR-positive and -negative individuals by using an enzyme-linked immunosorbent assay exploiting two synthetic peptides deduced from well-conserved regions of ORF1. Interestingly, sera with high TTV loads were somewhat more reactive than those with low TTV loads, possibly suggesting that the peptides were representative of viral epitopes not exposed on the virion surface. Prior to the discovery of TTV, Tischer et al. (168) had detected antibodies that reacted with the porcine circovirus in over 20% of the human sera tested. As discussed by Okamoto et al. (121) , seen in retrospect, these data might be indicative of the existence of cross-reactive antigens between porcine circovirus and TTV.
Taken together, the above findings show that TTV-infected hosts mount detectable antiviral antibodies which fail to eradicate the virus, at least in the great majority of cases. On the other hand, the existence of mixed infections by multiple TTV strains suggests that antiviral immunity is also unsuccessful at protecting against superinfections sustained by heterologous TTV (sub)types. As noted by Viazov et al. (177) , the vast sequence diversity of the coding genomic regions has the potential to markedly affect TTV antigenic specificity. It remains to be determined whether antibodies are capable of modulating viremia levels and exerting a significant selective pressure for change on external TTV proteins, as postulated (114, 121) .
CLINICAL SIGNIFICANCE
The temporal concomitance between viremia and ALT elevations observed in three of the five blood-transfused patients from whom TTV was originally demonstrated and other evidence led Nishizawa et al. (113) to propose TTV as a possible cause of some forms of acute and chronic hepatitis and fulmi-nant liver failure that still remain etiologically unresolved. This was certainly instrumental in putting the new virus in the limelight, but subsequent findings have cast serious doubts on the correlation: (i) as extensively discussed above, TTV viremia is widely prevalent not only among patients with cryptogenic hepatitis but also, and at similar rates, in control groups with other forms of liver disease or no liver injury at all (8, 23, 35, 50, 66, 109, 170, 178) ; (ii) when hemophiliacs and other persons with or without risk of blood-borne infections were sorted into TTV DNA-positive and -negative groups, the two groups often showed similar ALT levels (8, 55, 85, 96, 109, 115, 130, 157, 160, 175) ; (iii) in several series of blood transfusion patients, there was no correlation between the acquisition of TTV infection and the development of hepatitis, and, in any case, the dynamics of ALT were unrelated to TTV viremia (44, 59, 81, 96, 115, 147) ; (iv) in several studies of patients with hepatitis B or C, no correlation was found between the severity of liver damage or responsiveness to alpha interferon therapy and concomitant TTV infection (8, 36, 44, 48, 66, 69, 96, 115, 126, 167) ; and (v) chimpanzees naturally or experimentally infected with TTV or TTV-like viruses showed no biochemical and histological signs of liver damage (106, 176) . Furthermore, retrospective analyses of patients treated with alpha interferon with or without ribavirin for underlying HCV infection have shown that therapy may result in a generally transient disappearance of detectable TTV from blood, especially if baseline TTV viremia is low, but that this is not accompanied by modulation of ALT levels unless HCV is also cleared (4, 8, 16, 48) . In addition, attempts to link TTV to hepatocellular carcinoma in patients positive or negative for HBV and HCV have given inconsistent results (107, 132, 156, 184) . Undoubtedly, the above observations rule out the notion that clinically evident liver disease is a frequent consequence of TTV infection. However, the evidence is not totally unequivocal, since data also exist that are compatible with the possibility that, in some cases, transient and mild abnormalities in liver enzyme levels are associated with TTV infection (33, 34, 56, 61, 65, 68, 81, 88, 110, 126) . Likewise, in several series of HCV patients, coinfection with TTV appeared to be associated with increased severity of biochemical and histological parameters of liver damage (15, 22, 48, 56, 172, 175, 191) . In a series of 26 patients with fulminant liver failure studied by Tanaka et al. (163) , mortality was 100% in TTV-infected patients versus less than 50% in uninfected ones. Based on these findings and the apparent ability of TTV to replicate in the liver (19, 124, 142) , several investigators consider it likely that TTV may cause occasional liver injury. In other words, TTV would be a candidate for cryptogenic hepatitis etiology not dissimilar from many other viruses, such as enteroviruses, adenoviruses, cytomegalovirus, Epstein-Barr virus, measles virus, rubella virus, and influenza virus, that are known to cause usually transient liver dysfunction of varying severity in minor subsets of infected patients. As in the above infections, the viral and host determinants that might determine or enhance the hepatopathogenicity of TTV are not known. It has been suggested that certain (sub)types or variants of TTV might be especially hepatotropic (62, 120) , similarly to what was observed for certain enteroviruses and adenoviruses, or that TTV might cause disease only when activated by superinfection with other viruses (157) . Alternatively, liver damage might become evident only when the extent of virus replication is above a certain threshold, due to large viral inocula or other factors. Pistello et al. (134) found that patients with cryptogenetic chronic hepatitis had mean viremia loads significantly higher than did patients with other pathologies. Finally, individuals exposed to TTV for the first time after loss of maternal antibody or reexposed to partially cross-reactive or non-cross-reactive TTV strains might be especially prone to liver damage.
Undoubtedly, the circumstances in which TTV was discovered have greatly influenced the direction of attempts to link it to clinical disease. Possibly for this reason, reported attempts to evaluate the role of acute or long-term TTV infection in the generation of extrahepatic illnesses are few and disparate. In a series of 49 consecutive mixed-cryoglobulinemia patients, TTV infection appeared to be neither a risk factor nor a cofactor (14) . In ambulatory children, TTV DNA was most frequent among subjects with acute gastroenteritis (58) . In another study, diabetic patients exhibited a 50% prevalence of viremia versus 5% in matched controls (38) . No association was found with the Kawasaki syndrome (21) or with multiple sclerosis and other central nervous system disorders (F. Maggi, C. Fornai, M. L. Vatteroni, G. Siciliano, F. Menichetti, C. Tascini, S. Specter, M. Pistello, and M. Bendinelli, submitted for publication). Viremic hemophiliacs had increased levels of IgG and IgM in serum relative to TTV-negative hemophiliacs (187). Maggi et al. (90) found that infection rates in patients with psoriasis, rheumatoid arthritis, or systemic lupus erythematosus were not higher than in patients with miscellaneous diseases. In another study, viremic patients with rheumatoid arthritis had a greatly enhanced frequency of rheumatoid factor positivity (54) . Attempts to correlate TTV with progression of HIV infection have generated conflicting reports (20, 141) .
In conclusion, there are no clinical manifestations that have been unequivocally associated with TTV to date. Because of this and because active infection is highly prevalent among apparently healthy individuals, there have been repeated suggestions that TTV should be considered essentially devoid of pathogenic potential. Griffiths (46) and Simmonds et al. (Letter) have actually put forward the idea that TTV might represent part of the normal human microflora. While these are provocative speculations, it should be kept in mind that to date the only clinical entities that have been systematically investigated for a possible etiological correlation are some forms of liver disease. Thus, at this point, it is probably more appropriate (and stimulating) to keep TTV in the category of "orphan" viruses. Virology textbooks are full of examples of viruses that had to wait for years after discovery before being linked to disease(s): echoviruses, reoviruses (which still carry the term "orphan" in their acronym), adenoviruses, parvovirus B19, Epstein-Barr virus, and herpesviruses 6 and 7, to name a few. TTV might behave exactly as these viruses, in that only occasional infections might be sufficiently aggressive to become the cause of significant clinical disease. In this context, it is worth noting that until recently, the list of orphan viruses also included the porcine circovirus, a genetic variant of which is now known to cause a multisystemic wasting syndrome of piglets, characterized by lymphadenopathy, hepatitis, nephritis, pneumonia, myocarditis, and gastritis (28, 49, 99, 102) .
Clearly, further possible etiological associations should be sought. Possible guidance in choosing the directions for clinical investigation may come from an improved understanding of the natural history of infection and from the diseases produced in their host species by related viruses of animals. In regard to the first criterion, the fact that TTV seems to circulate in blood complexed with IgG (114) should encourage investigations on glomerulonephritis, vasculitis, and other illnesses in which chronic immune complexemia has long been suspected as an important etiopathogenic mechanism. Chronic infection by HCV has already been associated with this kind of pathology (reviewed in reference 7). Also, if the observation that TTV replicates in lymphoid cells only when they are activated to proliferate (93) is confirmed, TTV might represent an ideal candidate agent for unexplained immunosuppressive syndromes. With regard to the diseases produced by related viruses, in addition to that just mentioned regarding the porcine circovirus, it is noteworthy that CAV causes a variety of pathologies including aplastic anemia, hemorrhage, lymphoid depletion, and increased mortality (64, 189) . In any case, the large reservoir of TTV in healthy subjects demands that disease associations be investigated through carefully designed clinical studies. The significance of most investigations discussed in this section is, in fact, flawed by the small sizes of the case series, the use of TTV detection methods now known to be insensitive or to identify some (sub)types only, and the lack of proper TTV load measurements.
FUTURE DIRECTIONS
TTV was discovered hardly 3 years ago, and it is therefore not surprising that we still have only a nebulous understanding of its biological properties and pathogenic potential. The many gaps in our present comprehension of TTV have been discussed in detail throughout this review. Here, we will emphasize some issues that, in our opinion, should be addressed first in future investigations.
(i) Molecular systems capable of efficiently detecting and quantitating the full spectrum of existing TTV strains and serological IgG and IgM tests that permit the distinction between recent and remote infections should be developed and standardized. Without improved tools, the laboratory diagnosis and epidemiology of this ubiquitous infectious agent will remain as muddled as they are now.
(ii) Further full-length sequences of isolates worldwide should be obtained. This will improve our present TTV classifications and, in particular, help decide whether all of the viral isolates currently labeled TTV should be considered a single viral species or a genus comprising different species. Okamoto et al. (121) have already questioned whether genomes coding for proteins that differ by 60% or more in amino acid sequence can be attributed to a single viral species, and Hijikata et al. (53) have speculated that the SANBAN isolate might be representative of a distinct although related viral entity. Also, most recently, Khudyakov et al. (74) have proposed that TTV exists as a swarm of at least five closely related but different viral species.
(iii) Cell culture systems should be identified in which TTV replication can be readily investigated in vitro. Advancement in this area will be essential for understanding the relationships that TTV establishes with infected cells and for defining whether the remarkable ability of TTV to produce chronic, active infections in vivo is attributable mainly to the type of interaction established with infected cells or to an outstanding ability to resist the host antiviral defenses; producing large amounts of clean virus will also help in the development of reliable immunoassays.
(iv) The body sites and cell types where TTV replicates should be identified. This will permit a better glimpse at the natural history of infection and provide clues to targeting clinical research on possible TTV-induced pathologies.
(v) Clinical virology should focus on acute disorders that are temporally correlated with elevated levels of TTV viremia. Since it has been speculated that specific TTV strains or variants may exist that are tropic for distinct tissues and more virulent or pathogenic (120; P. Simmonds, F. Davidson, and L. M. Jarvis, Letter, Lancet 352:1310-1311, 1998), the infecting viruses should be molecularly characterized.
(vi) An attentive eye should also be kept on possible longterm effects of chronic TTV carriage. Although the available evidence indicates that chronic productive infection does not represent a heavy burden for the body, evidence also indicates that much TTV circulates in blood in the form of immune complexes; it seems unlikely that this occurs with no pathological consequences for the kidneys and other preferential sites of immune complex deposition.
There is no doubt that the astonishingly high prevalence of TTV worldwide with minimal or no disease association is perplexing. Hopefully, investigating the many fundamental questions that remain to be answered will lead to the identification of hitherto unsuspected etiological links and, ultimately, perhaps reveal further avenues for significant public health improvements, for example in the field of transfusion and organ transplantation medicine.
